INTRODUCTION
Glitazones (GZs) or thiazolidinediones are oral hypoglycemic agents used in the treatment of type II diabetes. They are acting as insulin sensitizers by regulating the transcription of insulin-responsive genes involved in the control of glucose production, transport, and utilization. The first report of their glucose-lowering effects was published in 1980s, and troglitazone was launched as an oral hypoglycemic agent in 1997, and two others, i.e., pioglitazone (PGZ) and rosiglitazone, were approved by the FDA in 1999 (1, 2) . Troglitazone was withdrawn because of its hepato-toxicity; the incidence of liver toxicity of PGZ and rosiglitazone are minor; however, investigations for finding more active glitazones with less side effects are still ongoing (2) . PGZ is the most popular drug, and its prescription is increased by the rate of 14% during 2005-2007 (3) . In addition to its antidiabetic activity, it demonstrates other activities including reduction of reactive oxygen species from adipose tissue (4) and improving cognition and regional cerebral blood flow in patients with mild Alzheimer (5) . PGZ hydrochloride (PGZ-HCl) is used in pharmaceutical formulations to achieve a more soluble form of the drug; however, the aqueous solubility of PGZ-HCl is still low, and a number of investigations were reported dealing with solubilization of PGZ or PGZ-HCl (6) (7) (8) (9) (10) .
Common cosolvents in pharmacy are ethanol, propylene glycol (PG), glycerin, polyethylene glycol 400 (PEG 400), and N-methyl-2-pyrrolidone (NMP; 11). Polyethylene glycols (PEGs) are linear or branched polyethers with the approximate molecular weight of 200-36,000. PEG 200 to PEG 800 are in liquid form, whereas PEG 1000 and higher molar masses are solids. Liquid PEGs are commonly used as cosolvents for solubilization of drugs in preclinical and clinical studies (12) . Because of strong H-bonding between PEGs and water, they are freely soluble in water and in many organic solvents. PEGs have variety of applications in the pharmaceutical, chemical, cosmetic, and food industries (13) . Their low toxicity and high water solubility enable their use for purification of biological materials. Among them, PEG 400 is the most commonly used cosolvent in the pharmaceutical industries for preparation of cosmetics, ointments, suppositories, ophthalmic solutions, and sustained-released oral pharmaceutical formulations (14) . Propylene glycol is a stable and low toxic pharmaceutical cosolvent which is used in many commercially available oral and parenteral formulations of poorly soluble drugs (15, 16) . The well-known parenteral formulations containing PG are diazepam, fenoldopam mesylate, melphalan HCl, oxytetracycline, paricalcitol, pentobarbital Na, phenytoin Na, chlordiazepoxide HCl, lorazepam, and phenobarbital. PG is also used in many oral formulations of drugs including amprenavir, clofazimine, cyclosporine A, digoxin, lopinavir, ritonavir, sirolimus, loratadin, and itraconazole (15) .
Our intent was to measure the solubilities of PGZ-HCl in a series of aqueous and non-aqueous solvent systems containing ethanol, PG, NMP, and PEGs at 298.2 K which extends the available database of drugs solubilities in mixed solvents (17) , fitting the data to the Jouyban-Acree model that relates the solubilities in solvent mixtures to the fractions of the solvent components and constants computed by a regression analysis (18) . In previous reports, the solubility of PGZ-HCl in aqueous solutions of ethanol, PG, and NMP (8) , in binary mixtures of PEG 600 with water and ethanol, ternary mixtures of PEG 600-ethanol-water (9) , and also in binary mixtures of PEG 400 with ethanol, PG, NMP, and water (10) were discussed. In this work, the solubility of PGZ-HCl in binary and ternary mixtures of water, PG, and PEGs 200, 400, and 600 at 298.2 K are reported. The generated data are predicted using numerical methods, and the accuracies of different methods are discussed.
PEG 600 were kindly gifted by Daana Pharmaceutical Co. (Tabriz, Iran); propylene glycol (99.5% w/w), and PEG 200 (99.5% w/w) were purchased from Merck (Germany); methanol (99.8% w/w) was purchased from Caledon (Canada), and double-distilled water was used for preparation of the solutions.
Apparatus and Procedures
The binary mixtures composed of the solvents with suitable masses of the solvents were prepared with the accuracy of 0.001 mass fraction. The solubilities of PGZ-HCl were determined by the saturation shake-flask method of Higuchi and Connors (19) . Briefly, an excess amount of the drug was added to the prepared solvent mixtures. The resulting solutions were equilibrated for at least 3 days on a shaker (Behdad, Tehran, Iran) in an incubator equipped with a temperature-controlling system maintained constant at 298.2 (±0.2)K. The saturated solutions were filtered using hydrophilic Durapore filters (0.45 μm, Milipore, Ireland) and diluted with methanol. Diluted samples were then assayed at 267 nm (molar absorptivity of 7,464-7,537 Lmol
) using a UV-Vis spectrophotometer (Beckman DU-650, Fullerton, USA). Preliminary investigations showed that the filter did not absorb the solute during the filtration process. The concentration of each solution was determined with an absorbance versus concentration calibration curve (Absorbance=21.086×Conc −0.0066, R 2 =0.999) after appropriate dilution, the standard deviations for R 2 , intercept and slope of the curve are 0.0132, 0.0130, and 0.4531, respectively. Each experimental data point represents the average of at least three repetitive measurements with the measured in moles per liter (M) solubilities being reproducible within ±2.8%. Densities of the saturated solutions were determined using a 5-mL pycnometer.
Computational Methods
The Jouyban-Acree model for calculating the solubilities of drugs in binary solvent mixtures at different temperatures is (18) : could be converted to a simpler version at a given temperature; however, we recommend the presented version since it could be used to predict the solubility of drugs at other temperatures of interest as shown in previous papers (20, 21) . The regression constants represent differences in the various solute-solvent and solventsolvent interactions in the solution. The Jouyban-Acree model has the advantage that it can be used to describe mole fraction or moles per liter solubilities of solutes dissolved in binary solvent mixtures as a function of either solvent mole fraction composition or solvent weight fraction composition. The generalized model can accommodate different units of solubility and different units of solvent composition.
The model for representing the solubility of drugs in ternary solvent mixtures based on sub-binary interaction terms is: 
Although Eq. 3 was developed for PEG 400+ water mixtures, it provided reasonably accurate solubility predictions for drugs in ethylene glycol+water and PEG 200+water mixtures (24) .
The mean percentage deviation (MPD) was used to check the accuracy of the fitted and predicted values and was calculated using:
where N is the number of data points in each set. (7) . The solubility behavior of drugs in their salt forms is more complicated when compared with their base forms and/or the solubility of non-electrolytes. There are some evidences of the effects of excess solid on the solubility of drugs and numerous mechanisms have been proposed including different dissolution and crystallization rates (25) , protonation and deprotonation of weak acid/basic drugs (26), dimerization of some drugs (27) , possible adsorption of the charged form of solutes onto the excess solid (11), and the common ion effect (26) . To investigate the effect of excess solid on the aqueous solubility of PGZ-HCl, exact amount of the saturated solubility of PGZ-HCl, 1%, 5%, 10%, and 50% excess values of the drug were added to water and shaken for 3 days, and then the solubility of PGZ-HCl were determined. Figure 1 shows the results in which slight increase is observed with the increased excess solid in the solution.
RESULTS AND DISCUSSION
Addition of the PEGs increased the solubility of PGZHCl with a similar pattern, and the maximum solubilities were observed at w 1 =0.800 of PEGs. For three PEGs investigated, the solubility values were PEG 600>PEG 400 > PEG 200 aqueous mixtures, when the same mass fractions are considered. Considering the solubilization power definitions from the literature, i.e., Eqs. 5 (28) and 6 (29) : Table II) , the solubilization power of PEG 600 is greater than that of PEG 400 and the lowest power is for PEG 200 when σ definition is concerned. The order of the solubilization power of the cosolvents is PEG 600, followed by PEG 400 and PEG 200, considering the ω definition. This order is confirmed by the experimental solubility data of PGZ-HCl in PEGs+water mixtures. (10) b Data taken from a previous work (9) Fig. 1 . Effect of excess solid on the aqueous solubility of PGZ-HCl a Data taken from a previous work (10) solvents could be used to prepare liquid formulations of instable drugs in aqueous media and/or in the pharmaceutical formulations such as soft gels which water content could make difficulties in the formulations. In these sets of data, PEG 600 promises more solubilization capabilities when compared with PEGs 400 and 200 when ω values (listed in Table II ) are considered.
The measured experimental solubility data of PGZ-HCl in binary solvents were fitted to Eq. 1, the model constants computed, and the back-calculated solubility data used to compute the MPD values. The calculated MPDs along with the model constants are listed in Table IV . The model provides a very good mathematical description of the experimental solubility data and the overall MPD is 5.0%. Using the model constants (J 0 , J 1 , and J 2 ) listed in Table IV , it is possible to predict the solubility of PGZ-HCl in binary mixtures of solvents 1 and 2 at all composition ranges and by employing the solubility in the mono-solvents at other temperatures, one can extend this prediction method for other temperatures as shown in previous works (20, 21) . As noted in INTRODUCTION, using generally trained version of the model for PEG 400+water mixtures and employing C (23) where the MPD range varied between 3.5% and 269.3% and the overall MPD for predicted solubilities in this work is less than that of the reported value in our previous paper, i.e., 39.8% (23) . Table V lists the experimental solubility of PGZ-HCl in ternary solvent mixtures of PG+PEGs+water. The data could be used in the preparation of liquid formulation when binary solvents are not able to dissolve the desired amount of drug in a given volume. As shown, the highest solubility of PGZ-HCl (290.9 mM) in the investigated mixtures was observed in PG+PEG 400+water with the mass fraction composition of 0.600 + 0.200 + 0.200. This data could be predicted using the model constant of sub-binary solvents using Eq. 2 by incorporating the J terms from Table IV. The obtained MPD values for PEGs 200, 400, and 600 were 36.3% (N=15), 47.0% (N=14), and 38.5% (N=33), respectively. The main advantage of this prediction method is that it is based on just mono-solvent and sub-binary data, and no further experimental efforts are required. MPD mean percentage deviation, NS not significant, PEG polyethylene glycol, PG propylene glycol a Volume fraction based data taken from a previous work (8) and data was converted to mass fraction using density data of water and PG PEG polyethylene glycol fractions of the PG+PEG 400+ water ternary mixture. In order to provide a computational method to calculate the solubilities, the Jouyban-Acree model was fitted to the results of these measurements, and solubilities were back-calculated with employing the solubility data in mono-solvents in which the overall mean deviation of the models was 5.0% and 40.6%, respectively, for correlated data of binary and predicted data of ternary solvents. A previously trained version of the model was used to predict the solubility of PGZ-HCl in PEGs+water mixtures employing the experimental solubility data in mono-solvents in which the overall prediction error was 33.1%. In practical applications of the cosolvency models, when the solubilities of a drug in water and PEG are determined by experiment, it is possible to predict the solubility in PEG+water mixtures using Eq. 3. The expected prediction error for this prediction is~33% as noticed above. If the solubility data in PEG+water binary mixtures were determined by experiments and the desired solubility is not achieved, then it is possible to use the binary data for predicting the solubility in ternary solvent mixtures. The expected prediction error for this prediction is~41%.
